INTRODUCTION
Innate immunity, which is evolutionarily conserved in plants and animals, is the first line of the host defense. Several key signaling molecules in this field, which helped discover Toll-like receptors in mammals, were identified using the Drosophila model system (Lemaitre et al., 1996; Medzhitov et al., 1997; Poltorak et al., 1998; Rosetto et al., 1995) . Genetic studies in Drosophila have revealed that septic injury with Gram-positive bacteria or fungi can predominately stimulate Dif/Dorsal in Toll pathway to express Drosomycin (Drs) antimicrobial peptide (AMP), while the infection with Gram-negative bacteria stimulates Rel in IMD pathway to express Diptericin (Dpt) AMP. However, the innate immune response to oral infection is substantially different to septic injury. For example, bacteria oral infection of larvae resulted in Rel transcription activity to become manifested in expressing global AMPs (Basset et al., 2000; Vidal et al., 2001) . Some studies suggested that Rel may act alone or become a heterodimer with Dif or Dorsal in inducing AMP responses (Han and Ip, 1999; Hedengren et al., 1999) .
Reactive oxygen species (ROS) are also highly efficient immune effector molecules, which exert broad-spectrum microbicidal activity in clearing microbes from the gut (Ha et al., 2005) . Intestinal ROS are generated by dual oxidase (DUOX) upon gutmicrobe contact, by which the enzyme activity and transcription level of DUOX are elevated (Ha et al., 2009 ). However, ROS are destructive to gut mucosa cells (Buchon et al., 2009 ) and therefore the action must be transient. For full host protection, the gut immune response must subsequently trigger other systemic immune responses in distinct tissues/organs to clear the remaining pathogens escaping from the intestine.
Although individual organs in the body are designated to perform their respective functions, they do not work alone without interaction with the others. Interorgan communication helps one organ adjust its performance based on another organ's response to physiological or pathological conditions. Thus, local disturbance of an organ's functional homeostasis can lead to a systemic response affecting remote organs. For instance, inflammatory bowel diseases caused by commensal microorganisms may result in a number of extra-intestinal inflammatory disorders, including arthritis and inflammation of the liver and eye (Macdonald and Monteleone, 2005) .
The molecular mechanisms underlying the organ-to-organ innate immune communication remain unclear, however. Interestingly, intestinal nitric oxide (NO) has been previously shown to function as an inducer for the interorgan immune communication in Drosophila. Induction of NO production in the gut of uninfected larvae triggers systemic immune responses (Foley and O'Farrell, 2003) similar to those induced by Ecc15 (Erwinia carotovora subsp.) oral infection (Basset et al., 2000) . Another reported signaling inducer involved in interorgan communication is a monomeric PGN fragment known as terminal monomer tracheal cytotoxin, which can cross the gut barrier into the hemolymph and subsequently trigger a systemic immune response in the fat body (Zaidman-Ré my et al., 2006) .
Although intestinal ROS have long been recognized for their roles in the onset of inflammatory bowel disease (Rezaie et al., 2007) , it remains largely unknown whether intestinal ROS also triggers interorgan immunological communication. We used Drosophila, an excellent genetic model system, to perform in vivo and genetic experiments in a study of the possible role of intestinal ROS in the triggering of gut-to-fat body interorgan innate immune communication.
RESULTS

Stimulation of Intestinal ROS Triggers a Gut-to-Fat Body Immunological Communication
Enterobacteria Ecc15 oral infection has been shown to locally induce a specific AMP response (e.g., Dpt expression) and ROS stress in adult gut (Lemaitre and Hoffmann, 2007) . Intriguingly, although Ecc15 is mostly undetectable in the hemolymph of larvae orally infected with Ecc15 (Basset et al., 2000) , the infection also triggers global AMP responses in remote organs such as the fat body and the tracheal system (Basset et al., 2000; Tzou et al., 2000) . However, it is unclear how such an organ-to-organ immunological communication is regulated. Thus, we asked whether one local organ and one distinct organ's AMP response to Ecc15 oral infection would be ROS dependent. As larvae are almost constantly consuming food, this makes the larval stage an ideal time to study oral infection-induced immunological communication. When we fed the larvae Ecc15, we found, as expected, an increase in production of ROS and an increase in Dpt-lacZ transgene expression in the gut. However, inhibition of ROS production by a ROS scavenger-NAC did not notably affect the Dpt-lacZ expression ( Figure 1A ), as has been previously reported in one study of adult gut (Ha et al., 2005) . These results prompted us to investigate whether stimulation of intestinal ROS triggers a specific organ-to-organ immunological communication. Because the fat body, analogous to a liver in Drosophila, is a major immune system organ in larvae of this insect, we focused on its AMP response to intestinal ROS. Surprisingly, in contrast to that observed in gut, our study found that NAC markedly suppressed the microbe-induced global AMP responses in fat body, as evidenced by the expressions of endogenous Drs and Dpt ( Figure 1B) , suggesting that the Ecc15-induced oxidative stress was critical in regulating the AMP responses of the fat body, but not locally in the gut. To avoid the nonspecific effects of NAC, we genetically attenuated the intestinal ROS production by silencing Duox, a Drosophila NADPH oxidase homolog, by crossing a Duox-RNAi transgenic line with a gut-specific driver (NP1-Gal4). As was found with NAC, the Ecc15-induced global AMP responses in the fat body were suppressed ( Figure 1C ). Innate immunity can also be triggered without microbial infection (Rock et al., 2010) , as is the case when localized DNA damage in the Drosophila epidermis induces an innate immune response (Karpac et al., 2011) . Therefore, we used genetic and chemical means to induce intestinal ROS and observed the resulting AMP responses. We first overexpressed DUOX in gut by crossing a UAS-Duox transgenic line with NP1-Gal4 to increase ROS production. Indeed, the global AMP responses were induced in the fat body of uninfected larvae ( Figure 1D ). We next attempted to feed the larvae a ROS-producing compound, H 2 O 2 , as a dietary source of ROS. In the larvae fed H 2 O 2 , neither Drs-lacZ nor Dpt-lacZ expressions were notably induced in the gut ( Figure 1E ), suggesting that stimulation of intestinal ROS alone, without infection, did not induce local AMP response in gut. However, the ingestion of H 2 O 2 markedly increased the expressions of Drs-lacZ and Dpt-lacZ in fat body, closely resembling the same response in the fat body when ingested Ecc15 ( Figure 1E ). These results suggested that intestinal ROS did not induce an AMP response in the local organ, but in a remote organ. To exclude the possibility of a direct catalytic effect of H 2 O 2 on immune regulatory functions, we fed larvae dextran sodium sulfate (DSS), which has been used to induce colitis and intestinal ROS production in a mouse model (Seril et al., 2003) . As was found with H 2 O 2 , the ROS level and Drs-GFP reporter expression were both increased ( Figure 1F ). Moreover, the endogenous Drs and Dpt levels in fat body were also increased by DSS, but this activation was suppressed by NAC ( Figure 1G ). These findings provide compelling evidence that intestinal oxidative stress, when stimulated by infection, chemicals, or genetic means, plays an essential role in initiating a gut-to-fat body immunological communication.
Rel Is Essential for Intestinal ROS-Induced Global AMP Responses
Previous studies revealed that Rel is pivotal for global AMP expressions when larvae ingested Ecc15 (Lemaitre and Hoffmann, 2007) . To test whether the global AMP responses in the fat body to intestinal ROS stress were also regulated by the Rel activity, we fed Rel null mutant (Rel E20 ) larvae with H 2 O 2 and determined the AMP responses. The global AMP responses were found to be suppressed by the disruption of Rel function (Figure 2A ). Furthermore, we investigated whether the specific depletion of Rel in fat body (r4-Gal4 > UAS-relish-RNAi) or in gut (NP1-Gal4 > UAS-relish-RNAi) also reduced the AMP responses. Results suggested that the global AMP expressions in fat body of larvae fed H 2 O 2 were diminished upon depletion of Rel in fat body, but not in gut ( Figure 2B ). We also noted that Rel, not Dorsal, was translocalized into the nucleus of fat body after feeding larvae H 2 O 2 (Figures 2C), suggesting that only Rel was activated in the fat body. Therefore, Rel may act genetically as a dominant regulator of intestinal ROS-induced global AMP responses in fat body.
Intestinal ROS Interplay with NO Signaling
We speculated whether there is a potential link between intestinal ROS and NO signaling because a previous report showed that the induction of NO by ingestion of a NO donor (SNAP) in larvae also triggers AMP responses in fat body (Foley and O'Farrell, 2003) . To test this idea, we fed the larvae H 2 O 2 and determined whether the expression of NO synthase (NOS) in gut was altered. The NOS mRNA level was found elevated in the gut ( Figure 3A) , prompting a possibility that the ROS-induced NO production might contribute to the global AMP responses in fat body. To distinguish contributions of NO in the ROSinduced AMP responses in fat body, we blocked the NO production by a pharmacological inhibitor of NOS (L-NAME) when H 2 O 2 was provided as a dietary source of ROS. Results showed that both the endogenous Dpt and Dpt-lacZ reporter expression levels were decreased, whereas the same experiments with Drs did not show notably altered expression levels ( Figures 3B  and 3C ). These results suggested that intestinal ROS induced NO production in stimulating Dpt but not Drs expressions in fat body.
Increasing evidence also suggests that NO can induce ROS overproduction (Swindle and Metcalfe, 2007 ). Thus, we tested if exogenous NO increased intestinal ROS levels. In the larvae exposed to SNAP, intestinal ROS levels were, on the contrary, decreased ( Figure S1A ), suggesting a negative feedback mechanism of NO on ROS.
Since the intestinal NO signaling also implicates hemocytes as a relay signal that triggers fat body Dpt response (Foley and O'Farrell, 2003) , we investigated whether hemocytes conveyed the intestinal ROS signaling in inducing AMP responses in fat body. To test this possibility, we fed a l(3)hem mutant larvae, in which a mutation blocks hematopoiesis, H 2 O 2 and determined the AMP responses in fat body. The results suggested that the Dpt levels were obviously decreased. The Drs levels were also decreased, but to a lesser extent ( Figure 3D ). In addition, we fed the l(3)hem larvae Ecc15 and found that the Dpt, not Drs, expression was significantly decreased compared to wild-type control ( Figure S1B ). We suggest that hemocytes may function as an important signal relay between intestinal ROS-NO signaling and fat body Dpt response to Ecc15 oral infection. Although intestinal ROS were also required for the Drs response, the signaling of NO-hemocyte did not appear to be crucial for this AMP response.
AP-1 Suppresses Rel-Mediated Drs Expression, but It Is Diminished by Intestinal ROS
Previous studies have demonstrated that several transcription factors, including AP-1 (a heterodimer of Jra/Kay) and Caudal, can suppress Rel induction of AMP production (Kim et al., 2007; Ryu et al., 2008) . Hence, it is possible that the activity of Rel is restricted by these repressors. Because Caudal has already been shown to function specifically in gut, not in fat body (Ryu et al., 2008) , we chose to investigate the repressive role of AP-1. The larvae with Jra overexpression in fat body (r4-Gal4 > UAS-jra) were found to have a much lower Drs expression in the fat body than control larvae when fed Ecc15, whereas the Dpt expression was not notably altered ( Figure 4A ). Conversely, decreasing AP-1 repressor activity by RNAi knockdown of Jra in the fat body (r4-Gal4 > UAS-jra-RNAi) further increased Drs and Dpt expression upon Ecc15 oral infection ( Figure 4B ). This inhibitory role of AP-1 in AMP expression was Rel dependent, as evidenced by the decreases in both the Drs and Dpt expressions in the jra-knockdown fat body brought about by reducing one copy of Rel (Rel E20/+ ) ( Figure 4B ). These results suggested that Rel activity was restricted by AP-1 through the suppression of AMP expressions in the fat body. Hence, we hypothesized that AP-1 activity would be silenced and Rel activity would be resumed when the larvae were fed Ecc15 or when intestinal DUOX was overexpressed. Although the Jra protein level in gut was increased by the Ecc15 infection ( Figure S2A ), its levels in the fat body were decreased. Likewise, when DUOX was overexpressed in gut (NP1-Gal4 > UAS-Duox), the Jra level was also decreased in fat body ( Figure 4C ), suggesting that the repressive role of AP-1 was undermined by the presence of intestinal ROS. Since increasing intestinal ROS also promoted NO production, we investigated whether the induction of NO altered AP-1 activity. Intriguingly, in larvae fed SNAP, the Jra protein level was increased in the fat body ( Figure 4D ), opposite to that observed by ROS induction. Although the mechanism underlying this is not yet known, we speculate that the ROS-NO interplay may contribute to a tight regulation of the AP-1 activity in the Rel-dependent AMP responses. Together, these findings indicate that the Rel activity in fat body is restricted by AP-1, but such activity is undermined by intestinal ROS stress.
Cytokine Signaling Inhibits Intestinal ROS-Induced AMP Response in Fat Body
Because the Drosophila intestinal ROS stress also activates cytokine/JAK/STAT signaling pathway in gut epithelial cell turnover expression (Buchon et al., 2009) , we speculated that the cytokine secretion from enterocytes might initiate the immunological response in fat body. To test whether cytokine was induced in the larval gut by Ecc15 oral infection, we examined upd3 (unpaired 3, a Drosophila cytokine) expressions in fat body and in gut over the time course of infection. Indeed, upd3 expressions in the gut were notably elevated during the time course of infection but were almost undetectable in the fat body ( Figure S2B ). We then tested whether interruption of cytokine receptor-mediated signaling disrupted the Ecc15-induced AMP response in fat body. By knocking down the only STAT (Stat92E) gene in the fat body of Drosophila via crossing
UAS-Stat92E
RNAi with a fat body-specific Gal4 line (r4-Gal4), we examined the fat body AMP responses to Ecc15 oral infection. Surprisingly, the global AMP responses were further increased, not decreased, in the fat body ( Figure 4E ), suggesting that cytokine signaling suppressed fat body AMP responses upon Ecc15 infection. We speculated that for global AMP genes to be fully expressed, the inhibitory function of STAT signaling must be deactivated upon Ecc15 infection. Our experiments found STAT-GFP reporter expression to be suppressed in the fat body, but not in the gut ( Figure 4F ). To confirm this, we investigated whether Socs36E, a JAK/STAT signaling target, was also suppressed by the infection. Indeed, the results showed that the Socs36E expression in fat body was decreased during the time course of infection by Ecc15 (Fig- Figure S1 .
ure 4G). These findings show that cytokine/ STAT signaling inhibits Ecc15 infection-mediated AMP responses in the fat body.
DISCUSSION
This study demonstrates a unique signaling profile underlying the importance of oxidative stress in an organ to the activation of systemic immune responses in remote organs. Here we propose a model for the immunological communication between gut and fat body. Intestinal ROS stress, which is induced by Ecc15 oral infection, can trigger the Rel transcription activity for global AMP expressions in fat body through either NO-dependent or NO-independent pathways. ROS signaling triggers transcription of NOS in gut, which then promotes the production of NO and activation of the IMD pathway to express Dpt in fat body. Hemocytes may function as a signal-relaying organ between the gut and fat body for this Dpt response. However, the activation of Drs transcription appears not to be mediated via this ROS-NO signaling pathway but directly through ROS ( Figure 4H ). Interestingly, for the ROSinduced Drs expression, there might be alternative pathways involved, because the depletion of Rel only partially decreased the Drs expression (Figures 2A and 2B) .
It is important to note that our study showed a homeostatic interplay between intestinal ROS and NO in regulating the Reldependent Dpt response to Ecc15 oral infection. Although the Drs response was also dependent on intestinal ROS, the NO-hemocyte signaling did not appear to be involved. This conclusion is supported by a previous report that a NO-independent pathway is pivotal for the Drs response to Ecc15 oral infection (Foley and O'Farrell, 2003) .
We also found that the Rel activity in fat body was restricted by AP-1, but this repressive activity was substantially suppressed by intestinal ROS stress. Interestingly, although AP-1 and cytokine/STAT signaling pathways were both activated in the gut by enteric infection, they were concurrently suppressed in the fat body, suggesting that some of the regulatory molecules involved in interorgan immunological communication might be oppositely regulated in the gut and the fat body. Also of great interest is the fact that cytokine signaling was found to act negatively in mediating the fat body AMP response to Ecc15 oral infection. This leads to the question: if it is not cytokines that act as positive extracellular messengers in initiating interorgan communication, what signaling molecules are released in the circulation that can have this effect? Some ROS, such as H 2 O 2 , are emerging as important intracellular second messengers in various signalings, but because they degrade rapidly, they are considered to be incapable of acting as extracellular messengers in the modulation of interorgan signaling (Lee, 2008) . Circulating hemocytes directed to the infection site may act as a signaling device, as suggested by other studies (Basset et al., 2000; Foley and O'Farrell, 2003) . Another possibility is that host molecules, such as endogenous DNA and host ligands, which can be released at a wound site, may play a role in inducing AMP expression (Lemaitre and Hoffmann, 2007) .
There is a current growing body of evidence identifying two crucial roles of intestinal ROS in modulating Drosophila immunity in the gut, one involving in microbicidal activity and the other involving stem cell renewal (Buchon et al., 2009; Ha et al., 2005) . This current study suggests that, in addition to these roles, ROS may play a role in facilitating organ-to-organ immunological communication. Whether such a mechanism has been conserved in mammals is currently under investigation.
EXPERIMENTAL PROCEDURES Fly Stocks
Dpt-lacZ (Basset et al., 2000) , Drs-lacZ (Basset et al., 2000) Larval Oral Infection and Real-Time Quantitative PCR Analysis Ecc15 oral infection of larvae was performed as described previously (Basset et al., 2000) . Early foraging 3 rd instar larvae (65-68 hr at 25 C after hatching)
were used for this assay. Larvae orally ingested concentrated Ecc15 (OD 100 ) cofed with or without 100 mM NAC (Sigma) that were mixed in standard Drosophila food (1 ml Ecc15 or 1 ml Ecc15 + NAC solution mixed in 4 g food). Fat bodies or guts were collected after 24 hr of Ecc15 oral infection or 12 hr of H 
Antibody Preparation
Rabbit polyclonal anti-Rel antibody was raised against the N-terminal fragment (amino acid 270-545) of Rel and affinity purified.
Oxidative Stress Stimuli Standard food containing H 2 O 2 , DSS, or Ecc15 was used for larval oral ingestion. Intestinal ROS levels were analyzed after Ecc15 or DSS ingestion for 6 or 24 hr, respectively. For L-NAME treatment, larval guts were used for analyzing NOS mRNA level and fat bodies were utilized for analyzing AMP expressions after coingestion H 2 O 2 or Ecc15 with or without 200 mM L-NAME (Sigma). Fat bodies of l(3)hem 2 /TM6B larvae that ingested H 2 O 2 were used for analyzing AMP expression levels compared to w
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.
ROS Measurement
ROS level in the larval gut was analyzed by 10 mM DCF-DA fluorescent dye (Sigma), which was added into the standard food-medium of Drosophila for the cultivation. The DCF-DA fluorescent signal was analyzed by fluorescence microscopy at 490 nm excitation and 525 nm emissions.
Immunostaining and Immunoblotting
Immunostaining of the larval fat body was performed according to previous description (Lin et al., 2009) . After fixation and blocking steps, fat bodies were incubated with anti-N-Rel or anti-Dorsal antibodies (Developmental Studies Hybridoma Bank, DSHB) and counterstained with cell nucleus dye DAPI. FITC-conjugated secondary antibody was purchased from Jackson Laboratories. Confocal images were obtained using Leica TCS SP5 confocal microscope. For immunoblotting analysis, fat bodies or guts were collected from w
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, NP1-Gal4 > UAS-Duox, or 10xSTAT-GFP reporter larvae that ingested Ecc15, 15 mM SNAP (Sigma), or PBS as control. Tissue total lysates were separated by SDS-PAGE, blotted, and probed with anti-GFP (1:5,000, BD living color) or anti-Jra (1:5,000, Santa Cruz), according to standard procedure.
Statistics
Student's t test was used for two-group comparisons. The *p value < 0.05 was considered significant and **p value < 0.01 highly significant.
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